Abstract In this age of intensive industrialization and urbanization, mankind's highest concern should be to analyze the effect of all metals accumulating in the environment, both those considered toxic and trace elements. With this aim in mind, a unique study was conducted to determine the potentially negative impact of Sn 2+ , Co 2+ , and Mo 5+ in optimal and increased doses on soil biological properties. These metals were applied in the form of aqueous solutions of Sn 2+ (SnCl 2 . 2H 2 O), Co 2+
Introduction
In recent years, the attention of researchers has been focused mainly on heavy metals considered most harmful to the environment. These include, among others, Cd, Hg, Cr, Pb, and Cu (Wyszkowska et al. 2013; Zaborowska et al. 2015a ). However, researchers have also increasingly focused on the contamination of soils with trace elements (Islam et al. 2015) . This has its justification in that a common feature of all metals, regardless of their negative impact, is the fact that none of them biodegrade; they are characterized by a long biological half-life and show the potential to accumulate inside living organisms (Behbahaninia et al. 2009; Madrid et al. 2008) . The side effects of their accumulation in the soil environment are therefore a problem which should be taken up and brought up for discussion, particularly in this age of dramatic industrialization and urbanization to meet the growing requirements of the human population.
Co 2+ belongs to a group of transition metals. It most often assumes the +2, +3, and less often a +1 oxidation state. Only the [Co 3 (AsO 4 ) 2 . 8H 2 O], glaucodot [(Co, Fe) AsS], and skutterudite (CoAs 3 ) (Albanese et al. 2015; Shedd 2013) . In Europe, the Mediterranean Basin countries are characterized by a higher Co 2+ content than Northern Europe. This phenomenon is closely related to ophiolitic rocks (mafic and ultramafic) (Albanese et al. 2015) . Contamination of soils with Co 2+ is mainly caused by mining and smelting activity, fertilizer use, and sewage sludge spreading (Hamilton 2000) . The production of liquid catalysts used in refineries is a source of environmental pollution with both Co 2+ and Mo 5+ (Lewis et al. 2012) . In soil, this metal is closely correlated with Mn, Fe, and Al (Sterckeman et al. 2006) . The bioavailability of Co 2+ and, thus, its toxicity is also affected by the physicochemical properties of the soil environment such as structure, organic matter, pH, and complexing compounds (Luo 2010) . Exposure to increased amounts of Co 2+ in soil causes side effects both among soil microorganisms (Lock et al. 2006 ) and plants (Chatterjee and Chatterjee 2003) . The response to an excess of Co 2+ in a plant is heightened activity of superoxide dismutase (SOD), an enzyme responsible for O 2 dismutation and an increase in iron sequestration and ferritin synthesis (Tewari et al. 2002) . Co 2+ plays a quite important role in the human body because it is the central atom of cobalamin, a coenzyme precursor, whose deficiency causes anemia (Paustenbach et al. 2013) . Nevertheless, its genotoxic properties were also discovered, which should be taken into account in the overall Co 2+ assessment (Kirkland et al. 2015) .
The average Sn 2+ content of the Earth's crust is estimated at 2.5 mg kg
. This metal is a component of cassiterite (SnO 2 ), stannite (Cu 2 FeSnS 4 ), teallite (PbSnS 2 ), and montesite (PbSn 4 S 5 ) (Pendias and Pendias 2001 Sn 55.5 years (National Research Council 1983) , the effects of soil Sn 2+ mobility should be examined. Organotin compounds (OTC) which are part of fungicides, insecticides, bactericides, wood preservatives, and PVC stabilizers pose a potential threat to the environment (Hoch 2001) . The inorganic tin forms are less toxic, but the effects of their soil presence are also less known (Marcic et al. 2006) . Tendencies have been observed for the affinity of Sn 2+ mobility to the soil size fraction and its organic matter content (Sterckeman et al. 2006 ). Due to its low soil solubility, Sn 2+ translocation and uptake by plants is minimal, but increases with decreasing pH (Nakamaru and Uchida 2008) . Mo
5+
, as a trace element, is necessary in the environment in small amounts. The sources of excessive Mo 5+ emission to the environment are mining; biosolids; fertilizers; the production of alloys, catalysts, and coal; and petroleum combustion (Mcgrath et al. 2010; Buekers et al. 2010) . It occurs in the soil in the form of an oxyanion, in aluminosilicates and organic matter (Pyrzyńska 2007 forms mobile anionic complex compounds (Buekers et al. 2010) . The biological role of Mo 5+ is based on co-forming the pterin complex (a Mo cofactor), binding with enzymes participating in nitrogen (nitrate reductase) and sulfur (sulfite oxidase) metabolism, purine catabolism, and hormone biosynthesis. Over 50 enzymes of bacterial origin containing Mo 5+ have been identified (Mendel and Bittner 2006) . Nevertheless, both a deficiency and excessive exposure to this metal can cause abnormalities in the functioning of living organisms and, thus, ecosystems (Mcgrath et al. 2010) , although according to Das et al. (2007) , its direct effect on the metabolic processes of microorganisms is relatively low. An increased content of this element can possibly reduce nitrogen fixation.
Soil condition is closely related to microorganism activity and is considered a reliable indicator of the impact of environmental stress on soil (Epelde et al. 2008) . Since the effects and range caused by contamination of soils with Sn 2+ , Co 2+ , and Mo 5+ have not yet been widely studied, determining the biological activity of a soil environment subjected to the pressure of this group of metals seems a necessary step in a strategy to assess the scale of the problem related to Sn 2+ , Co 2+ , and Mo 5+ accumulation or question the justifiability of the formulated hypothesis.
Materials and Methods

Experimental. Soil sampling and samples preparation
The study object was soil material from the Didactic and Experimental Center in Tomaszkowo. The area designated for research purposes, including protective belts, occupies around 4.5 ha. Soil with a granulometric composition of loamy sand (fraction of sand is 75 %, silt-17 %, clay-8 %) determined according to the US Department of Agriculture's particle size distribution classification was collected from the arable-humus horizon of typical brown soils (Eutric Cambisol , and Mo 5+ in milligrams per kilogram soil DM: 0, 25, 50, 100, 200, 400, and 800; and (3) test duration: 25 and 50 days. An analysis of the impact of the three metals on the yield of spring barley cv. Rabel was also performed.
Before conducting the experiment, the soil material was prepared by contaminating it with the individual heavy metals and adding NPKMg fertilizers. After mixing the soil in a polyethylene vessel and packing it in pots (3.5 dm The vegetation of spring barley cv. Rabel was conducted for 50 days. Fifteen plants were left in each pot after seedling. The plant dry matter yield was determined after spring barley harvest at stage (according to the BBCH scale) 52-heading (20 % of inflorescence emerged).
Microbiological and biochemical analysis
In each soil sample, the activity of the enzymes dehydrogenases, catalase, urease, acid phosphatase, and alkaline phosphatase were determined in three replications, according to the methods given in Tables 1 and 2 . Soil biochemical activity, except for catalase, was established using a Perkin-Elmer Lambda 25 spectrophotometer (MA, USA). The analyses of soil were performed after 25 and 50 days of the experiment.
On days 25 and 50 of the experiment, the soil samples were tested for the number of twelve microorganism groups: cellulolytic bacteria, ammonification bacteria, nitrogen-immobilizing bacteria, Arthrobacter sp., Azotobacter sp., and Pseudomonas sp. on a medium d e s c r i b e d b y Wy s z k o w s k a e t . a l . ( 2 0 0 8 ) , Actinobacteria-on the medium developed by Küster and Williams with the addition of nystatin and actidione (Parkinson et al. 1971) , fungi-on Martin medium (1950), and copiotrophic bacteria, copiotrophic sporeforming bacteria, oligotrophic bacteria, and oligotrophic spore-forming bacteria on Onta and Hattori (1983) medium. The number of microorganisms was determined with a colony counter. , and Mo 5+ contamination. Calculations were made with a formula proposed by Orwin and Wardle (2004) :
where: D 0 -difference between control soil (C 0 ) and contaminated soil after 25 days of incubation (t 0 ). The values of RS remain in the range of 0 to 1, where 1 indicates strong soil resistance, i.e., negligible effects of external factors. The lower the resistance, the stronger the impact of a given factor on the soil environment. The results were processed statistically using Statistica 10.0 software (StatSoft, Inc. 2012 , and Mo 5+ doses and the activity of individual enzymes were also determined. The effect of the time of soil residence of the tested metals on its biochemical activity was illustrated using principal component analysis (PCA). The reaction of 
Results and discussion
A significant inhibitory impact of all the used metals on soil biological properties was noted in the conducted study. This thesis can be substantiated by high values of the η 2 coefficient. The major factor modifying the condition of the soil subjected to the pressure of Sn 2+ , Co 2+ , and Mo 5+ to the highest degree was the dose (54.25 %) and, to a lower degree, the xenobiotic type (11.7 %). The reaction of microorganisms to individual metals was similar (Fig. 1a-c) . This was illustrated in cluster analysis diagrams by Ward's method. Two separate clusters consisting of several subclusters with homogeneous variances were formed by the following: ammonifying, nitrogen-immobilizing, copiotrophic bacteria and Actinobacteria (the first cluster) and Arthrobacter sp., Azotobacter sp., Pseudomonas sp., oligotrophic bacteria, oligotrophic spore-forming bacteria, cellulolytic bacteria, fungi, and copiotrophic spore-forming bacteria (the second cluster). The obtained tendencies are puzzling because Pseudomonas sp., due to its ability to produce exopolysaccharide (EPS) responsible for biosorption or bioaccumulation, acquires features of resistance to heavy metals (Kilic and Donmez 2008) . On the other hand, genus Azotobacter bacteria, which were located within the same cluster, are considered some of most sensitive to this group of xenobiotics (Borowik et al. 2014) . Wang et al. (2010) suggest that gram-positive bacteria are more susceptible to contamination with heavy metals than gram-negative bacteria. In their toxicity ranking, Co 2+ took the place: Cr > Pb > As > Co > Zn > Cd > Cu. Root exudates accumulating in the barley rhizosphere, including: glucose, glutamic acid, citric acid, and oxalic acid (Renella et al. 2006 ), which are not neutral for microbiological activity and diversity, could also prove a factor moderating the reactions of individual microorganism groups.
Based on an analysis of changes in soil biochemical properties, it can be clearly stated that regardless of the type of applied metal, dehydrogenases, and urease are the most sensitive enzymes ( (Fig. 2) . After 50 days of study duration, a higher toxic impact of Co 2+ was manifested-from the dose of 100 mg Co 2+ per kilogram soil DM, and for Mo 5+ after the application of 400 and 800 mg Mo 5+ per kilogram soil DM (Fig. 3) . Soil contamination with Sn 2+ did not significantly disturb its biochemical properties in either of these objects.
The problem of soil stability, besides microbiological and biochemical indicators, defines its quality in a broader spectrum (Griffiths and Phillipot 2013) . Therefore, the soil resistance index (RS) dealing with this phenomenon was calculated in the study (Table 3) . After the application of 25 mg Sn 2+ , Co 2+ , and Mo 5+ per kilogram soil DM, the lowest resistance values were noted in the case of Sn 2+ and Mo 5+ for urease and Co 2+ for dehydrogenases. The RS index also highlighted the interrelationship between deepening soil homeostasis disturbance and increasing the inhibition power of the tested heavy metals. The soil balance was disturbed most severely by Co 2+ , followed by Mo 5+ and Sn 2+ , reducing the resistance of all the enzymes, on average, by 32.35, 30.48, and 11.47 % compared to the samples with the lowest dose of the metals.
Many researchers share the view that a decrease in the enzymatic activity of soils is a manifestation of abiotic stress caused by accumulated heavy metals in excessive amounts (Kucharski et al. 2011; Wyszkowska et al. 2013; Zaborowska et al. 2015b; Xian et al. 2015) . Dehydrogenases are considered the most sensitive parameters used to assess the effects of soil environment contamination (Gil- DM soil: 0 (cases 1, 8, 15), 25 (2, 9, 16), 50 (3, 10, 17), 100 (4, 11, 18), 200 (5, 12, 19), 400 (6, 13, 20) , and 800 (7, 14, 21 8, 15), 25 (2, 9, 16), 50 (3, 10, 17), 100 (4, 11, 18), 200 (5, 12, 19), 400 (6, 13, 20) , and 800 (7, 14, 21 Wyszkowska et al. (2009) also observed that this enzyme succumbed to the pressure of heavy metals, but not as negatively as dehydrogenases. Similar to the authors' own research, arylsulfatase sensitivity to this group of xenobiotics was similar to acid phosphatase and alkaline phosphatase (Wyszkowska et al. 2010) . It is supposed that low arylsulfatase activity values were not necessarily generated only by high doses of the metals. Knauff et al. (2003) claim that this could be caused by the release of H + protons from barley roots, which reduces its activity, decreasing soil pH. Tabatabai (1977) Moreno et al. (2003) . They claim that this may be related to the narrowing of the pool of substrates available to microorganisms.
The xenobiotics introduced into the soil, except for Sn 2+ , also contributed to a drastic growth inhibition of the cultivated plant (Fig. 4) . Characteristic symptoms of the disturbances in the biological mechanisms of spring barley, as the effects of stress related to soil contamination with the discussed metals, were also root system deformation and leaf chlorosis. . In the presence of S 2+ in soil, the absorption of this metal by a plant and, as a consequence, its inhibitory effect decreases. The results of own research correspond to those obtained by Li et al. (2009) . Co 2+ in an amount from 53.6 mg to 91 mg kg −1 soil DM, depending on soil type, caused 50 % spring barley growth inhibition. Mico et al. (2008) indicate that after the application of 45 mg Co 2+ per kilogram soil DM the barley yield disappears. This metal mainly accumulates in plant roots (Lotfy and Mostafa 2014) . 
Conclusions
The study results indicate that trace elements present in excess in soil are able to disturb its homeostasis. They verify both soil microbiological diversity and biochemical activity. After optimal amounts are exceeded, inhibition of its biological activity and, as a consequence, reduced plant yields can be expected. Co 2+ proved the most toxic. It generated not only very low enzyme activity and resistance values but also contributed to a drastic spring barley yield reduction. Mo 5+ , although it is an element participating in nitrogen and sulfur metabolism and is part of bacterial enzymes in increased amounts (similar to Co 2+ ), became an important inhibitor of the activity of dehydrogenases and urease. Soil reaction to an excess of Sn 2+ was also negative, but the scale of the problem was not as alarming. The grown plant reacted exceptionally positively to its increased soil doses. Spring barley resistance did not undergo significant changes.
To conclude, this experiment is an important link in a series of studies on the awareness of the quality of the environment in which we function. It reveals the existence of side effects to the contamination of soils with trace elements caused by the growing push towards an increased standard of living and consumerism.
